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Abstract 
     Electromagnetic pollution become an issue these last years with growth of electrical and 
electronic industry. The shielding of electromagnetic fields is one solution to reduce effects of 
this pollution. This study proposes an Al/Steel/Al sandwich produced by cold roll bonding to 
shield low frequency magnetic wave in near field. The structure evolution of sandwich 
composite has been characterized in function of the reduction rate of thickness. The bonding 
quality of Al/Steel interfaces has been then quantified by Tensile Bond Strength Test. Finally, 
the magnetic shielding effectiveness of the composite and the initial Al and steel sheets have 
been evaluated experimentally and numerically. During cold roll bonding, plastic instability 
has been observed and causes steel necking and fragmentation. A numerical model has been 
developed to explain its origin. A good bond quality is attained when debonding of Al/Steel 
interfaces requires the deterioration of the composite. The composite takes both shielding 
behavior of steel and Al and can shield low frequency. However, steel fragmentation has a 
negative impact on shielding effectiveness. The optimal condition between shielding and 
mechanical properties is then obtained for a reduction rate of 62 % where only few 
fragmentations are observed.      
Keywords: Magnetic shielding effectiveness, Low frequency, Near field, Metal sandwich, Cold 
roll bonding, Tensile bond strength 
 
 
1. Introduction 
The observed growth of electrical and electronic industry led to the increase of electromagnetic 
pollution, which can cause disturbance to sensitive electrical and electronic devices [1] and can be 
harmful to health of human beings [2–4]. Thus, recent directives and technical standards impose its 
diminution. Living and critical components must then be protected from electric and magnetic fields, 
and electronic devices have to confine them. This can be achieved thanks to electromagnetic 
shielding. 
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Most common materials for electromagnetic shields are metals [5, 6] and carbons [7, 8]. 
However, lightweight materials, especially required in transportation industry led to the development 
of composite materials. Metal and carbon reinforced polymer composites have been greatly studied 
in bulk or in foam form [9–12]. Multilayer composite is also an effective mean to shield [13, 14]. 
Nevertheless, polymers are insulating and polymer composites show lower electrical conductivity 
than metals bulk. 
The shielding effectiveness (SE) of a material is linked to its properties, its geometry and 
electromagnetic wave frequency. Electrical conductivity and magnetic permeability are properties 
directly linked to the shielding of electromagnetic waves. First shielding theory has been proposed 
by Shelkunoff by using an impedance concept [15]. Impedance of a material is proportional to the 
ratio of its magnetic permeability 𝜇 divided by its electrical conductivity σ. Furthermore, Shelkunoff 
described three mechanisms contributing to the shielding of electromagnetic waves: absorption (A), 
reflection (R) and multiple reflections (B). Then, shielding effectiveness is defined by 𝑆𝐸 = 𝐴 +
𝑅 + 𝐵.  Due to their high conductivity, aluminum (Al), gold (Au) and copper (Cu) are excellent for 
reflection. Steels with high permeability are good for absorption. Absorption is predominant at high 
frequencies and reflection is at low frequencies. Multiple reflections are negligible at high 
frequencies when the skin depth is small compared to the distance between reflecting interfaces. 
This study proposes to determine the SE of a multilayer metal composite: Al/Steel/Al. Assembly 
of an Al sheet with a steel sheet is not an easy task and has been the origin of a patent [16]. By its 
composition and design, a good SE is expected at low and high frequencies. This study is only 
focused on the shielding of a magnetic wave in near field in the range [1 Hz; 10 kHz]. Low frequency 
magnetic fields can cause noise and disturbance to sensitive devices and are generally emitted by 
power supplies, switches and motors for example. A magnetic shielding is then necessary such as 
enclosure [17] to protect sensitive electronics from perturbations or to isolate these sources and so 
reduce their effect.   
A thin Al/Steel/Al sandwich is produced by cold roll bonding (CRB). CRB is a well-known 
method of metal forming where metals can be mechanically bonded by rolling at room temperature 
[18–20]. Quality of the bond is dependent on several parameters extrinsic and intrinsic of rolling 
[21–23]. Reduction rate of the thickness, size and rotation speed of rolls, coefficient of friction 
between the sample and rolls can be cited. Layer thickness, surface condition and pre- and post-
annealing also affect the bond quality. Optimal bonding can be achieved with higher reduction rate 
and friction coefficient [24, 25], lower rotation speed [26], clean and brushed intimate surfaces  
[27, 28]. Pre-annealing generally diminishes the work-hardening effect and increases the formability 
allowing a better bond strength. Post-annealing can create intermetallic at the interface which is 
brittle and then negative to bond quality [29]. 
In this work, to achieve the shielding of a low frequency magnetic field, a thin metal composite 
based on aluminum and steel is proposed. An experimental and numerical approach is both 
considered from the composite production to the study of its magnetic shielding. Furthermore, 
mechanical strength of Al/Steel/Al composite must be ensured thanks to a good bond quality of 
Al/Steel interfaces to avoid any potential delamination. Then, thin Al/Steel/Al sandwiches are 
produced by CRB at different reduction rate. Firstly, the structure evolution is characterized by 
optical observation. Numerical simulation of CRB is developed to explain origins of this structure 
evolution. Bond quality of Al/Steel interfaces is then quantified by tensile bond strength test (TBST). 
The magnetic shielding properties of these multilayered composites is finally investigated 
experimentally and numerically at low frequencies (1 Hz - 10 kHz), and the effect of the structure 
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on SE is evaluated. In the end, optimal condition between mechanical properties and magnetic 
shielding is determined. 
 
2. Materials and methods 
2.1 Materials 
Commercial low carbon steel DC01 and 8011-aluminum alloy with respectively a thickness of 
100 µm and 250 µm are chosen as the raw materials. Thin raw materials are considered to produce 
thin composites which promote their applications in transportation and electronic industries. Volume 
ratio Rvol is defined by steel volume divided by total volume, initial Rvol is equal to 1/6. Chemical 
compositions of these two sheets are listed in Table 1. DC01 steel is mainly used for drawing and 
forming applications. 8011-aluminum is a Fe and Si based aluminum alloy which is widely used in 
industry. Figure 1 shows the schematic diagram of CRB process following rolling-normal cross-
section (RD-ND). Both Al and steel sheets are firstly cut in rectangular shape of 1x5 cm2. Samples 
are then cleaned in an acetone bath to eliminate grease and contaminants in the surface. Al and steel 
sheets are annealed in a tubular furnace respectively at 600 °C during 30 min and 5 min. These 
annealing conditions, inspired by [16], are used to increase malleability of Al and steel sheets. Steel 
surfaces are then manually prepared with a rotating stainless-steel brush with wires diameter of 
0.2 mm. The brushing direction follows the rolling direction (RD). Samples are cleaned again in an 
acetone bath before stacking in Al/Steel/Al disposition. CRB experiments are carried out with no 
lubricant by using a laboratory mill (FSM 130 Durston rolling mills). The roll diameter is 65 mm 
and the rolling speed is around 12 mm/s. Stacked Al/Steel/Al samples are rolled consecutively using 
rolling reductions between 48 % and 77.5 %. 
 
[Table 1 about here.] 
  [Figure 1 about here.] 
2.2 Experimental observation 
Structural evolution due to plastic instabilities is then studied by optical observations. 
Dissolution of Al layers is performed in a concentrated NaOH bath to analyze the structure of the 
steel layer after CRB. After total dissolution of Al, steel layer is scanned with opaque and film modes 
to reveal plastic instability. RD-ND cross-section of Al/Steel/Al composite is polished using P800-
P4000 grit sand papers, finalized with 3 and 1µm alumina particles and investigated by optical 
microscopy. Plastic instability is a known phenomenon in rolling, especially in accumulative roll 
bonding when the harder phase is fragmented in the softer phase [30]. However, plastic instability 
has rarely been observed with only one pass of a tri-layer composite. Previously, Hwang et al. [31] 
have defined theoretical criteria of diffusion necking and local necking and Reihanian et al. [32] 
have defined a theoretical criterion of fragmentation during rolling. These criteria depend on the 
thickness ratio and the mechanical properties of each layers and are achieved from a certain reduction 
rate. However, these predicted criteria are in many cases much lower than that observed by the 
experiments due to strong hypotheses [32]. In our case, the predicted criterion of fragmentation based 
on [32] is for a reduction rate of only 13 %. The brushed steel that shows a very low strain-hardening 
coefficient partially explains this result. 
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2.3 Numerical approach for cold roll bonding 
In a complementary effort to understand plastic instability origin, non-steady-state numerical 
simulations of CRB are developed using a commercial finite element software ANSYS (v17.2). 2D 
plane strain condition without lateral spreading is assumed. Al/Steel/Al sandwich with 600 µm total 
thickness and 10 mm length has been considered. Each layer is composed of around 7000 quadratic 
eight-noded elements. Rolls are assumed rigid and then only their surfaces are meshed by around 
2000 elements. Plastic behavior of both steel and Al layers are represented by a power law 𝜎 = 𝐾𝜖𝑛 
extrapolated from experimental tensile test curve of annealed Al sheet and annealed-brushed steel 
sheet (Figure 2). Plastic behavior extrapolation is realized from Rp0,2 to Rm of experimental curve. 
The strength coefficient K and the strain-hardening exponent n are 512.9 MPa and 0.024 for steel 
sheet and 219.5 MPa and 0.265 for Al sheet. The brushing generates a low strain-hardening exponent 
of steel. Friction between rolls and Al/Steel/Al strip and between Al and steel layers are considered 
respectively with a coefficient of 0.1 and 0.6. A low coefficient between rolls and strip is chosen to 
facilitate simulation convergence. A higher coefficient is considered between Al and steel sheets to 
simulate the steel brushing influence and the resulting roughness. Friction is modeled with an 
augmented Lagrange formulation. A lower rolling speed than experimental one is used to restrict 
mesh distortion. Numerical CRB is conducted with different reduction rate r = 50, 60 and 70 %. 
[Figure 2 about here.] 
2.4 Tensile Bond Strength Test 
The bond quality is usually measured by a peeling test. However, due to the low thickness of 
Al/Steel/Al strip, Al layer tends to be torn during peeling test. Furthermore, peeling angle tends to 
increase distorting bond strength. Peeling test is then not relevant for low thickness Al/Steel/Al 
multilayer. In this study, the bond quality was measured by a tensile bond strength test (TBST). 
Figure 3 shows the schematic diagram of the TBST process. Composite samples are glued between 
two bars of aluminum. Surfaces in contact are first cleaned in an acetone bath and shot-peened to 
increase contact area. Epoxy resin Delomonopox AD286 is used as glue in this process. Its 
commercial tensile strength is 64 MPa for a thickness of 2 mm after a curing time of 40 min at 
150 °C. No microstructural change of Al and steel sheets is observed after curing. Tensile test is then 
realized until reaching the bond interface breaking with a 2 mm/min speed applied by a Zwick Roell 
XForce P 10 kN. Engineering stress-strain curve attain a maximum which is the tensile bond strength 
(TBS). TBST is conducted for different rolling reduction on square samples (1.5x1.5 cm2). This 
technique is however limited by the tensile strength of the glue, quantification of bond quality for 
higher reduction rate is not possible. 
[Figure 3 about here.] 
 
2.5 Magnetic shielding 
Magnetic shielding effectiveness (SEH) of Al/Steel/Al has been studied experimentally and 
numerically.  Figure 4 shows the magnetic shielding measurement principle (a) and the geometry of 
the 3D finite element model (b). 100 copper wire turns coil of 18.5 mm height, 7.5 mm internal 
radius and 15 mm outer radius is used to generate the magnetic field. The coil is alimented by a low 
frequency generator with a 2 A current. Current density in the coil is then around 1.44 × 106 A/m². 
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Shielding samples are 3x3 cm2 square samples and are placed 6 mm above the coil. The magnetic 
field is measured behind shielding samples and SEH is calculated by: 
 
𝑺𝑬𝑯 = 𝟐𝟎 × 𝐥𝐨𝐠𝟏𝟎
𝑯𝒂𝒊𝒓
𝑯𝒔𝒉𝒊𝒆𝒍𝒅
 = 𝟐𝟎 × 𝐥𝐨𝐠𝟏𝟎
𝑩𝒂𝒊𝒓
𝑩𝒔𝒉𝒊𝒆𝒍𝒅
 =  𝟐𝟎 × 𝐥𝐨𝐠𝟏𝟎
𝑽𝒂𝒊𝒓
𝑽𝒔𝒉𝒊𝒆𝒍𝒅
         (1) 
 
Experimentally, SEH is calculated thanks to a Hall probe which its voltage V is proportional to the 
magnetic induction B. Sensitivity of the Hall probe was 5.0 ± 0.1 mV/G. Hshield is the magnetic field 
above the sample at the measuring point while Hair is at the same position without the sample. 
Measuring point is placed 5 mm above the sample.  
[Figure 4 about here.] 
 
      A 3D-numerical model of magnetic shielding has been developed with AC/DC module of 
Comsol Multiphysics (version 5.2a). Due to symmetry, only a quarter sphere is modeled (Figure 
4(b)). The simulated geometry is the experimental one: same size of coil, 3x3 cm2 samples, coil-
shield distance of 6 mm and coil-measuring point distance of 11 mm. The model domain is bounded 
by a thick layer of infinite elements. Magnetic shielding effectiveness SEH of initial Al and steel 
sheets and Al/Steel/Al composite with different reduction rates have been experimentally and 
numerically evaluated. In order to facilitate numerical calculation, a homogenization approach has 
been proposed to determine equivalent properties of Al/Steel/Al samples (Figure 5). The 
homogenization principle (Figure 5(a)) is to obtain the same shielding effectiveness of Al/Steel/Al 
multilayer with only one layer of a virtual material which has equivalent properties. Equivalent 
electrical conductivity and equivalent magnetic permeability are determined numerically by 
applying a potential difference at the bound of Al/Steel/Al composite (Figures 5(b,c)). The 
equivalent properties are deducted afterward from Joule losses (JL) and magnetic energy (Wmag): 
 
𝑱𝑳 =  
𝑽𝟎
𝟐
𝑹
=  ∫ 𝑬 ∙ 𝑱 𝒅𝑽𝒄𝑽𝒄
                            (2) 
 
𝑾𝒎𝒂𝒈 =  
𝟏
𝟐
 𝕽𝝋𝟐 =  ∫ (∫ 𝑯 ∙ 𝒅𝑩
𝑩
𝟎
)𝒅𝑽𝒄𝑽𝒄
    (3) 
 
where V0 = 1 V the electrical potential, φ = A0 × c, A0 = 1 Wb/m the magnetic potential, c the width 
of sample, R the effective resistance and ℜ the effective reluctance. In Comsol Multiphysics, Joule 
losses and magnetic energy are calculated by integration over the total volume of the composite Vc 
with E the electric field, J the current density, H the magnetic field and B the magnetic flux density. 
By applying potential difference at the different bounds, effective properties can be determined in 
each direction: rolling (RD), transverse (TD) and normal (ND) directions. 
[Figure 5 about here.] 
 
3. Results and discussions 
3.1. Cold Roll Bonding (CRB) 
 
      Plastic instability of steel has been observed during cold roll bonding of Al/Steel/Al sandwich. 
Figure 6 shows the surface aspect of the steel layer after dissolution of Al in a concentrated solution 
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of NaOH for different reduction rate. A scanner is used with two different modes to scan these 
surfaces of 1x2 cm2 sample. An opaque mode highlights the necking (Figures 6(a,b)) and a film 
mode highlights the fragmentation of the steel layer (Figure 6(c)) during CRB. The first 6 samples 
have been rolled with no lubricant. The evolution of necking and fragmentation in function of 
reduction rate can then be observed. For 48.3 %, necking is slightly visible and becomes more and 
more pronounced with the increase of the reduction rate until fragmentation. Fragmentation is 
reached from a reduction rate of 61.7 %, far from the theoretical one (13 %). 
  
[Figure 6 about here.] 
 
      Higher fragmentation can be obtained with higher reduction. It is observed that the specimen 
laminated with lubricated rolls presents a more pronounced fragmentation. Due to the lubricant, the 
rolling is easier, the rolls are less repelled by the sample and then a higher reduction rate is obtained: 
77.5 % with lubricated rolls, 75 % with non-lubricated rolls.  It can also be noted that fragmentation 
is not uniform, some areas present higher fragmentation. Fragmentation rate has been quantified for 
1x2 cm2 samples presented in Figure 6(c) by:   
 
%𝑭𝒓𝒂𝒈 =  
𝑵𝒘𝒑
𝑵𝒕𝒑
 × 𝟏𝟎𝟎          (4) 
 
[Figure 7 about here.] 
 
with Nwp the number of white pixels and Ntp the total pixel number. The evolution of the 
fragmentation rate in function of reduction rate is presented in Figure 7. Before a reduction rate of 
70 %, the fragmentation rate does not exceed 4 %. For 75 %, it reaches almost 14 % and exceeds 
20 % for the last sample with lubricated rolls which is almost cut in half. This evolution is then quite 
exponential. Furthermore, during experiment, it has been observed that necking and fragmentation 
of the steel layer are sensible of CRB parameters. Then, small variations of parameters involve 
different fragmentation rate and explains the extent of error bars in Figure 7.   
      RD-ND cross-section of the first 5 samples have been polished and studied with optical 
microscopy (Figure 8(a)). Small thickness variations of steel layer are observed for 48.3 and 53.3 % 
that indicates the start of diffusion necking (red arrows). Local necking is observed for 61.7 and 
65 %. Fragmentation of steel is observed for 69.2 %. Extruding and welding of the two Al layers are 
noted between fragmentation. From Figure 6 and Figure 8, necking and fragmentation show a certain 
periodicity which tends to decrease with the increase of reduction rate. RD-ND cross-sections 
obtained by the numerical approach are represented in Figure 8(b). Initial mesh is composed 
respectively of 20 µm and 10 µm mesh for Al layers and steel layer. Three numerical simulations 
are made for reduction rate of 50, 60 and 70 %. Periodical necking is reproduced successfully. For 
50 %, a slight variation of steel thickness (≈ 1-2 µm), not visible to the naked eye, is remarked. 
Periodical necking is observed to be very similar in the case of a reduction rate of 60 %, with a 
spatial periodicity of about 450 µm. For 70 %, the results obtained with the numerical model are not 
relevant, as fragmentation modeling is complex due to mesh overlap. Moreover, steel thickness in 
experimental and numerical is really closed which its maximal value is around 50 µm. Periodical 
necking of a hard phase sandwiched between two soft phases has been studied numerically by Imai 
et al. [33] and Utsunomiya et al. [34] for theoretical elastic-perfectly plastic bodies. In their work, 
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necking occurs for a reduction rate of 20 %. Materials properties influence have been highlighted, 
especially higher differences in yield stress facilitate necking occurrence. In our case, by considering 
materials behavior with a power law extrapolated from experimental tensile tests, the numerical 
model can determine accurately the onset of necking which is for a reduction rate around 50 %. 
 
[Figure 8 about here.] 
 
      Plastic instability is a phenomenon amplified at higher rolling strains, but its origin is not totally 
understood, and no general criteria has been reported. However, Nowicke et al. [35], by 
approximating the stress state in rolling as a plane strain compression has theoretically shown that 
the harder phase is in tension along the rolling direction while the soft phase is in compression. The 
presence of tension in this direction explains necking formation. RD-ND cross-sections of simulated 
CRB are shown in Figure 9. Rolling and normal direction stress under rolls are represented for 
reduction rates of 50, 60 and 70 %. Along rolling direction, the following observations can be made: 
 
[Figure 9 about here.] 
 
- The steel layer is in tension principally at the entrance and weakly at the exit of rolls. 
 
- Al layers are in compression under rolls.  
 
- A rapid decrease in thickness of Al layers at the entrance could explain the tension of the 
steel layer which is dragged along by them.  
 
- The tension at the exit could be explained by the compression stress relaxation in Al 
layers, since at this point Al/Steel interfaces are considered bonded.  
 
- For higher reduction rate, the steel layer still goes through a compression zone where 
maximal compression in Al layers is observed. This result has not been predicted by 
Nowicke et al. 
  
Along normal direction, the following remarks can be made: 
 
- Steel and Al layers are in compression. 
 
- A slightly larger compression is observed in steel.  
 
- The compression in this direction promotes necking formation, and a higher compression 
for higher reduction rate could facilitate extrusion and welding of Al through steel 
fragmentation. 
 
[Figure 10 about here.] 
 
      Stress at the surface of Al in contact with roll and in the center of steel layer along rolling axis 
are drawn in Figure 10. Length of contact between rolls and the strip increases with reduction rate. 
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Same observations than previously can be made. However, by drawing these curves, minimal value 
of stress following RD and ND can be observed at the same point (≈ -0.55 cm) from the exit for the 
three different reduction rates. This point is commonly named “neutral point” and represents the 
position where the speed of the strip surface is the same than the speed of rolls and where the shear 
stress changes direction [36]. Moreover, maximal value of the steel tension is attained at the entrance 
and is unexpectedly the same for different reduction rate. Necking occurrence cannot then be 
explained only by the tension of the steel layer. It is also observed that compression stress increases 
at the neutral point with reduction rate. 
      Necking occurrence can then be explained by tension of steel layer in rolling direction at the 
entrance, compression of steel and Al layers in normal direction but also by the thickness decrease 
at the entrance of Al and steel layers. Indeed, the tension at the entrance is the same for 50, 60 and 
70 % reduction rate but as the thickness is lower for higher reduction, necking occurrence is easier. 
Moreover, the compression in normal direction of the steel layer facilitates necking and 
fragmentation emergence. 
  
3.2. Tensile Bond Strength Test (TBST) 
 
      To quantify adherence of the Al/Steel interface, TBST is performed. CRB of 1.5 cm width 
sample is carried out for different reduction rates. 1.5x1.5 cm2 square samples are cut and glued 
between two Al bars. This assembly is put in a tubular furnace at 150 °C during 40 min. Tensile test 
is performed on about 8 samples for each reduction rate. Tensile Bond Strength (TBS) obtained for 
each reduction rate is presented in Figure 11. TBS increases quickly with reduction rate but shows 
great variations due to inhomogeneous necking and fragmentation and potential shear stress during 
TBST caused by misalignment of aluminum bars. For a reduction rate of 43.3 %, debonding can be 
attained during shot-peening, so TBST gives a low value around 0.1 MPa. Until about 58 %, TBS 
increases, and fracture occurs at the Al/Steel interface. Let us note that on average, the glue starts to 
weaken around 20 MPa in the present test conditions. So, for the two highest reduction rates, it is 
not the Al/Steel interface that breaks but mainly the glue which means the TBS of the Al/Steel 
interface is in fact greater that the reported points.     
      In Figure 12, several facies of Al layer after debonding are presented. For a reduction rate of 
43.3 %, extrusion of Al is quasi non-existent. Extrusion is more and more pronounced with increase 
of reduction rate. For reduction rate greater than 63.3 %, the glue breaks before the Al/Steel interface 
which means that a good bond quality is attained, delamination or debonding of Al/Steel interfaces 
requires a complete deterioration of the composite. From these results, it can be concluded that 
necking and fragmentation of steel, that allows extrusion and welding of Al layers, are favorable to 
bond quality of Al/Steel/Al composite.     
 
[Figure 11 about here.] 
 
[Figure 12 about here.] 
 
 
3.3. Magnetic Shielding 
 
      Magnetic shielding of samples with different reduction rates is studied in near field at low 
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frequency (1 Hz-10 kHz). A 3 cm diameter coil, alimented by a low frequency generator, generates 
a magnetic field. Magnetic induction is measured at 11 mm above the coil by a Hall probe of 
sensitivity of 5.0 ± 0.1 mV/G. Square samples of 3x3 cm2 size are placed 6 mm above the coil. The 
system is put under airflow to limit temperature increase. For each sample, several measurements 
are made, and a reproducibility is observed. Figure 13 shows the experimental magnetic shielding 
effectiveness of these different samples. As expected, steel sheet (100 µm) shields at low frequency 
(~ 4.6 dB) due to its higher magnetic permeability. Al sheet (250 µm) starts to shield for frequencies 
around 500 Hz. SEH increases with frequency, this increase is more marked for Al sheet thanks to 
its higher electrical conductivity. Magnetic shielding of Al/Steel/Al tri-layer takes both behavior of 
steel and Al sheets: shielding at low frequency and pronounced increase towards high frequency. 
Shielding at low frequency is however lower than steel ones because steel thickness in the composite 
is lower than 100 µm. But at higher frequency, shielding of the composite can be better than steel 
and Al sheets. The impact of Al/Steel/Al thickness can be noticed. Higher reduction rate implies 
lower shielding. The impact of steel fragmentation on SEH is shown in Figure 14. The shielding 
decreases first linearly due to the decrease of thickness and continues to decrease with a steeper slope 
due to steel fragmentation. As a reminder, fragmentation of steel starts around 62 % and this point 
marked the beginning of slope change. It is observed that fragmentation has a more negative impact 
at 10 kHz than at 1 Hz. In a previous work, magnetic shielding of an Al/Steel composite produced 
by accumulative roll bonding (ARB) has been studied by Verstraete et al. [37] and it has been shown 
that fragmentation of steel is not as unfavorable to shielding as in the present study. In ARB, as steel 
layers are superimposed in this process, steel fragments are present on different levels through the 
composite thickness whereas in our case steel is present only in one plane inside the composite. This 
particular distribution in the case of ARB could explain that steel fragmentation is possibly not 
disadvantageous to magnetic shielding, or at least to a lesser extent. 
 
[Figure 13 about here.] 
 
[Figure 14 about here.] 
 
      Numerical simulation of magnetic shielding is realized with the same geometry and parameter 
than experimental one. For Al/Steel/Al sample, a homogenization method is used to facilitate 3D 
calculations. Equivalent properties are determined for the seven samples presented in Figure 6. A 
3600x3600 pixels image equivalent to a 7.15x7.15 mm2 image is considered as area for 
homogenization. Areas of fragmented specimen are presented in Figure 15. Total thickness is 
measured with a micrometer and layers thickness is determined by:  
 
𝒕𝒔𝒕𝒆𝒆𝒍 =  
𝒕𝒕𝒐𝒕𝒂𝒍×𝑹𝒗𝒐𝒍
𝟏− 𝝉𝒇𝒓𝒂𝒈
      (5) 
 
𝒕𝑨𝒍 =  
𝒕𝒕𝒐𝒕𝒂𝒍− 𝒕𝒔𝒕𝒆𝒆𝒍
𝟐
        (6) 
 
with ttotal, tsteel, tAl respectively the total, steel and Al layers thickness, Rvol the volume ratio and τfrag 
the fragmentation rate of steel layer. It has been experimentally observed that volume ratio does not 
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change with reduction rate. Initial volume ratio of 1/6 is then kept for numerical simulation. A 
parallelepiped of dimensions 7,15x7,15 mm2 composed of the three layers (Al/Steel/Al) can then be 
modelized. For fragmented specimen, material properties of the modelized steel layer are defined by 
using images presented in Figure 15 extrapolated over all its thickness (Figure 16): 
 
𝝈𝒎𝒂𝒕 = 𝝈𝒔𝒕𝒆𝒆𝒍 + (𝝈𝑨𝒍 − 𝝈𝒔𝒕𝒆𝒆𝒍) × 𝒊𝒎(𝒙, 𝒚)    (7) 
 
𝝁𝒎𝒂𝒕 = 𝝁𝒔𝒕𝒆𝒆𝒍 + (𝝁𝑨𝒍 − 𝝁𝒔𝒕𝒆𝒆𝒍) × 𝒊𝒎(𝒙, 𝒚)    (8) 
 
[Figure 15 about here.] 
 
[Figure 16 about here.] 
 
with 𝜎 the electrical conductivity, 𝜇 the magnetic permeability and im(x,y) an indicator function 
defined from images where im(x,y) = 0 for black pixel and im(x,y) = 1 for white pixel. 
      In order to modelize accurately magnetic shielding, electrical conductivity and magnetic 
permeability of Al and steel sheets have to be determined. Electrical conductivity is first calculated 
from electrical resistivity measured by 4-point probes method. An averaging of 10 measures is 
considered. Al and steel sheets have respectively an electrical conductivity of 33.61 × 106 and 
9.02 × 106 S/m. No experimental method to measure magnetic permeability of a thin sheet is 
available. So, magnetic permeability of steel is determined numerically. Low frequency magnetic 
shielding effectiveness of steel depends only of its magnetic permeability. Numerical results are then 
reconciled with experimental results by varying permeability in 4 cases: 3x3 cm2 sample with 11 mm 
coil-probe distance, 10x10 cm2 sample with 11, 16 and 24 mm coil-probe distance. Optimal value 
found by this method is a relative magnetic permeability µsteel of 250 (typical relative permeability 
of a low carbon steel is between 100 and 1000). Evolution of equivalent properties determined by 
numerical homogenization is represented in Figure 17 in function of reduction and fragmentation 
rates. Magnetic permeability is really influenced by fragmentation of steel (Figure 17 (a,c)), 
especially in rolling direction (RD). The magnetic flux is mainly concentrated in steel and tries to 
avoid the steel fragmentation that are full of aluminum. Due to the geometry of fragmentation, the 
circumvention is easier following TD than RD and explains the stronger influence in RD. On the 
contrary, conductivity is almost not influenced, a very little decrease is observed (Figure 17 (b,d)). 
Electrical flux is mainly in Al layers and then is not much influenced by fragmentation. Electrical 
conductivity of Al/Steel/Al obtained by homogenization is around 29.3-29.5 × 106 S/m and tends 
to decrease slightly with thickness. Measure of 4-point probes method on Al/Steel/Al gives an 
electrical conductivity of 28.4 and 29.8 × 106 S/m for respectively 270 and 185 µm thickness 
samples. Numerical homogenization gives then accurately electrical conductivity of Al/Steel/Al tri-
layer composites. The slight difference for the 270 µm composite could be explained by presence of 
small gaps at the Al/Steel interfaces, which increase electrical resistivity measured by 4-point probes 
method. 
 
[Figure 17 about here.] 
 
[Figure 18 about here.] 
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[Figure 19 about here.] 
 
      Steel and Al properties are implemented in numerical simulation. Figure 18 and 19 shows 
respectively the numerical magnetic shielding effectiveness of these different samples and the 
numerical impact of steel fragmentation. Observations proposed for the experimental results are still 
valid for numerical ones. Steel layer shields at low frequency (~ 4.7 dB), Al sheet starts to shield at 
around 500 Hz, but the increase is faster, and Al/Steel/Al composites take both behaviors. Steel 
fragmentation has also a negative impact on magnetic shielding in numerical simulation, but its 
impact is similar at 1 Hz and 10 kHz. Thickness decrease and steel fragmentation have the same 
impact at low frequency in experimental and numerical models, slopes of straight line are very 
similar. However, at high frequency, they have a more pronounced influence in numerical model, 
slopes of straight line are bigger. A more detailed comparison between experimental and numerical 
model results is presented in Figure 20. A good correlation is obtained at low frequency (<1 kHz) 
on each sample. Magnetic shielding of steel layer is accurately reproduced for all frequencies  
(1 Hz – 10 kHz). However, magnetic shielding of Al layer is higher in numerical model for high 
frequency (> 5 kHz), and then this gap is also observed for the composite. At 10 kHz, the difference 
is around 1.4 dB for Al, 4.8 dB for composite at 53.3 % and 2.3 dB for composite at 69.2 %. 
  
[Figure 20 about here.] 
 
      In order to explain this difference, several parameters have been investigated: 
 
- First, the proposed numerical model is only based on an electromagnetic formulation and the 
impact of temperature was not initially considered. Actually, the coil tends to heat the system 
due to Joule effect. This heat will influence the Hall probe measurements (±0.02%/°C for null 
shift and ±0.02%/°C in sensitivity). Furthermore, Eddy currents in Al layer tend also to heat 
the sample. Temperature increase of Al layer decreases its electrical conductivity (Eq. 9), and 
then decreases its shielding effectiveness. 
 
𝝈𝑨𝒍 =  
𝝈𝟎
𝟏+𝜶∆𝑻
           (9) 
 
with σ0 the electrical conductivity of Al at room temperature, ΔT the temperature difference 
and α the temperature coefficient equal to 4 × 10-3 K-1 for Al. With the use of airflow, the 
observed experimental temperature increase is between 5-10 °C. Considering the 
corresponding impact on the electrical conductivity, a decrease of 0.14-0.28 dB is obtained at 
10 kHz with the numerical model for Al shielding.  
 
- The difference between experimental/numerical results is higher for composite cases. In 
general, the electrical conductivity is considered to be decreased by cold working due to 
introduction of defects. However, 4-point probe measures and numerical homogenization of 
composite give very close values of conductivity. The difference is also higher for lower 
reduction rate. It could be explained by the fact that perfect Al/Steel interface is considered in 
numerical model and that steel necking is not taken into account. Nevertheless, it is still a 
challenge to quantify this impact. However, considering the impact of temperature, a decrease 
of 0.21-0.41 dB and 0.14-0.28 dB is obtained at 10 kHz with the numerical model for 
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respectively 310 µm (53.3 %) and 185 µm (69.2 %) composites. The impact of temperature is 
then higher for thicker sample. 
 
- Moreover, experimental sample flatness is not perfect, especially for composite, and could 
reduce SEH. A decrease of around 0.1 dB has been observed by bending slightly the sample in 
the numerical model. 
 
- Finally, the impact of mesh size in the numerical model has been studied but the influence has 
shown to be negligible. 
 
4. Conclusion  
      For the purpose of magnetic shielding, Al/Steel/Al sandwich is produced by cold roll bonding 
at different reduction rates. Its composition and design make it a good candidate to shield devices 
from low frequency magnetic fields. The composite structure, dependent on reduction rates, 
influences adherence of Al/Steel interfaces and shielding effectiveness. The following observations 
are done: 
 
- Necking of steel starts for a reduction rate around 50 % and evolves until fragmentation at 
around 62 %. The size of fragmented zones increases with reduction rate. Fragmentation 
rate attains 20 % for a reduction rate of 77.5 %. 
 
- Steel necking is successfully reproduced in numerical model, although steel fragmentation 
cannot be modelized. Necking occurrence can be explained by tensile stress of steel layer 
following RD, compression stress following ND and decrease of Al and steel layers 
thickness at the rolls entrance. 
 
- A better bond quality is obtained with increase of reduction rate and then with increase of 
extruded Al into steel necking. Moreover, for the highest reduction rate (around 67 %), 
Tensile Bond Strength can reach up to 50 MPa. 
 
- Steel layer shields over the entire frequency range (1 Hz – 10 kHz) while Al layer starts to 
shield around 500 Hz, but its growth is more pronounced. The sandwich composite proposes 
an interesting compromise of both behaviors. However, steel fragmentation has a negative 
impact on shielding effectiveness and tends to get worse at higher frequency. 
 
- Electrical conductivities measured by 4-point probe method and that obtained by 
homogenization are similar. Numerical model and experimental results are in good 
correlation for the steel layer over the studied frequency range, and at low frequency 
(< 1 kHz) for Al layer and composites. For the latter, a discrepancy is observed for 
frequencies higher than 5 kHz and several parameters that influence shielding effectiveness 
has been proposed, especially temperature increase seen in experimental.  
 
Therefore, thickness reduction and steel fragmentation have a negative effect on SE but for optimal 
mechanical properties, composite must have a good adherence of Al/Steel interfaces. Then optimal 
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condition between SE and mechanical strength is obtained around 62 % reduction rate where only 
few fragmentations are observed, and Al/Steel interfaces have a tensile bond strength of 20 MPa 
minimum. 
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Figure 1: Cold roll bonding process of Al/Steel/Al composite 
 
Figure 2: Extrapolated materials behavior, Al (a) and steel (b) sheets 
 
Figure 3: Tensile Bond Strength Test (TBST) 
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Figure 4: 2D schema (a) and 3D model (b) of magnetic shielding 
 
 
 
 
Figure 5: Homogenization of the tri-layer composite, principle (a) and calculation of equivalent 
electrical conductivity (b) and equivalent magnetic permeability (c) 
 
 
 
 
 
 
 
 
19  
Figure 6: Necking and fragmentation of steel during CRB for different reduction rates, 
opaque scan (a, b), film scan (c) 
 
Figure 7: Fragmentation rate in function of reduction rate for 1x2 cm2 samples 
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Figure 8: RD-ND cross-section of samples for different reduction rates,  
experimental (a), numerical (b) 
Figure 9: RD-ND cross-section of simulated CRB, rolling (a) and normal (b) direction stresses  
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Figure 10: Numerical rolling (a) and normal (b) direction stress in center of steel and in surface of Al  
 
Figure 11: Tensile Bond Strength (TBS) of 1.5x1.5 cm2 sample in function of reduction rate 
 
 
Figure 12: Facies of Al (1.5x1.5 cm2) after debonding in TBST in function of several reduction rate 
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Figure 13: Experimental magnetic shielding effectiveness of 3x3 cm2 samples 
 
 
Figure 14: Experimental impact of fragmentation on SEH for 1 Hz and 10 kHz 
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Figure 15: Fragmented specimen (steel) used in magnetic shielding model  
Figure 16: Consideration of steel fragmentation in magnetic shielding model 
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Figure 17: Equivalent properties following RD and TD in function of reduction (a,b) and 
fragmentation (c,d) rates, relative magnetic permeability (a,c) and electrical conductivity (b,d)  
 
 
 
Figure 18: Numerical magnetic shielding effectiveness of 3x3 cm2 samples 
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Figure 19: Numerical impact of fragmentation on SEH for 1 Hz and 10 kHz 
 
 
 
 
Figure 20: Comparison between experimental and numerical magnetic shielding effectiveness of 
3x3 cm2 samples 
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Table 1: Chemical compositions (%wt) of Al and steel sheets 
 
Al8011 
%Al %Fe %Si %Mn %Zn %Cu %Ti %Cr %Mg 
Bal. 0.6-1 0.5-0.9 ≤0.2 ≤0.1 ≤0.1 ≤0.08 ≤0.05 ≤0.05 
DC01 steel 
 %Fe %C %Mn %P %S %Si %Al  
 Bal. ≤0.12 ≤0.6 ≤0.045 ≤0.045 ≤0.03 ≤0.02  
 
 
